Members of the bone morphogenetic protein (BMP) class of transforming growth factor /3 (TGF@-related molecules have been implicated in a variety of inductive processes throughout vertebrate development. The 60A subclass of BMPs contains at least four vertebrate members, BMPs 5-8. We have shown by library screening and in situ hybridization that of these four genes, BMP 7 is expressed earliest, in gastrulating embryos. Furthermore, BMP 7 transcripts are present at diverse sites throughout development, in a pattern consistent with a role in a variety of inductive interactions. Recent studies have shown that BMP 217 heterodimers have unique activities compared to the corresponding homodimers. For this reason, we compared the patterns of expression of BMP 2 and BMP 7 using in situ hybridization. Our results demonstrate that these BMPs are coexpressed in a number of tissues that are known to be the source of inductive signals, including the zone of polarizing activity and apical ectodermal ridge of the developing limb and the notochord, raising the possibility that BMP 217 heterodimers may mediate aspects of these tissue interactions. We also show that BMP 2 transcripts are restricted within the developing gut to dorsal endoderm, whereas sonic hedgehog has been localized to ventral and medial regions of the developing gut endoderm. These markers provide the first molecular evidence for dorsal/ventral polarity in the developing gut.
Introduction
Many of the inductive events associated with vertebrate development are mediated by diffusible signals. The involvement of peptide growth factors, such as members of the tibroblast growth factor (FGF) and transforming growth factor /3 (TGF& families, during embryonic induction is now well established. This is particularly clear for the members of the BMP (bone morphogenetic protein) class of TGFB-related molecules. The BMP family can be further subdivided based on similarities to prototypic Drosophila members, including decapentaplegic (dpp) and 60A. .
Moreover, a third subgroup of BMP-related molecules consisting of the vertebrate genes GDF (growth/differentiation factor) 5, 6 and 7 has been described recently (Storm et al., 1994) . A Drosophila cognate for these genes has not been reported to date, although a third BMP-related gene, the product of the screw locus, has been identified (K. Arora and M. O'Connor, personal communication). The conservation of distinct subgroups within the BMP family across a wide phylogenetic distance suggests that the members of the separate subgroups have essential and unique functions during development.
In Drosophila, DPP is required for the specification of the dorsal-ventral axis during embryogenesis and is involved in patterning the midgut and imaginal disks (Ferguson and Anderson, 1992 ; reviewed by Gelbart, 1989) . The vertebrate cognates of DPP are the bone 09254773/95/K)9.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00326-I morphogenetic proteins 2 and 4 (BMP 2 and BMP 4). In situ hybridization studies suggest that these molecules play central roles in inductive interactions throughout mammalian development (Lyons et al., 1989a; Jones et al., 1991) . Essential functions for BMPs 2 and 4 during gastrulation in the mouse have been established by the generation of mice homozygous for null alleles of BMP 2 (A. Bradley, personal communication) and BMP 4 (M. Blessing and B.L.M.H., personal communication). A role for BMP 4 in patterning mesoderm during gastrulation in Xenopus is supported by studies demonstrating that BMP 4 induces mesoderm with posteroventral characteristics (Jones et al., 1992; Dale et al., 1992) . In addition, recent experiments have shown that BMP 2 and BMP 4 are components of signaling pathways that mediate specific tissue interactions during vertebrate development Vainio et al., 1993; Francis et al., 1994) .
Several vertebrate members of the BMP family are more closely related to the Drosophila 60A gene product than to DPP (Wharton et al., 1991; Doctor et al., 1992) . The vertebrate cognates of 60A include BMPs 5-7, which share at least 75% amino acid identity in their conserved regions (Rosen and Thies, 1992; tjzkaynak et al, 1992; Celeste et al., 1992) . BMP 5 is the product of the short ear (se) locus in the mouse (Kingsley et al., 1992) . Mutations in the se locus result in a number of cranial and axial skeletal defects, demonstrating that the BMP 5 gene product is essential for the development of specific skeletal elements in mammals. The observation that se mice also display various soft tissue defects reveals that BMP 5 has additional functions during embryogenesis (Green, 1968) . In situ localization studies suggest that BMP 6 is involved in a number of inductive interactions during mammalian development (Lyons et al., 1989a) .
In order to examine the possibility that members of the 60A subclass of BMP-related genes mediate inductive events during early mammalian development, we screened 7.5 and 8.5 days p.c. mouse embryo cDNA libraries for members of the 60A subclass. cDNAs encoding BMP 7 were isolated from this screen, suggesting that this molecule may be involved in gastrulation and early organogenesis in the mouse. In this paper, we use in situ hybridization to examine the distribution of BMP 7 RNA during post-implantation development. The results presented here show that in gastrulating embryos, one site of BMP 7 expression is the axial mesoderm. At slightly later stages, transcripts are localized to the notochord and nascent endoderm. In midgestation embryos, BMP 7 transcripts can be detected in a variety of developing organs in a pattern consistent with a role in mediating inductive interactions.
The temporally and spatially distinct patterns of RNA distribution observed for some BMP-related genes suggest that certain aspects of development, such as endochondral bone formation, require the coordinated expression of different members of the BMP family (Lyons et al., 1989a; Lyons et al., 1990; Rosen and Thies, 1992) . The possibility of heterodimer formation between different BMP molecules provides an additional level of complexity. For example, bone morphogenetic activity purified from bone extracts contains members of both the DPP and 60A subclasses of the BMP family Rosen and Thies, 1992) . There is as yet no evidence that heterodimers composed of members of these two subclasses form in vivo. However, recombinant BMP 216, 217 and 417 heterodimers are considerably more potent in inducing ectopic bone formation than are any of the corresponding homodimers D. Israel, personal communication) . It is therefore important to consider the possibility of heterodimer formation while examining the role that BMP 7 may play in vertebrate development. For this reason, we have compared the pattern of BMP 7 expression with that of BMP 2 during embryogenesis. Our results show that BMP 2 and 7 RNAs colocalize in a number of structures known to play important inductive roles during development.
Results

Isolation of mammalian members of the &?A subdass of BMP genes
To investigate the possibility that genes related to 60A are involved in mammalian gastrulation and early organogenesis, 7.5-and 8.5-days-p.c mouse embryo cDNA libraries were screened at low stringency with probes encoding BMPs 5, 6 and 7. Two hybridizing clones were obtained from the 7.5-days-p.c. library and both were found to encode the murine homolog of the BMP 7 gene (t) zkaynak et al., 1990; ozkaynak et al., 1991; Celeste et al., 1990) . Clones containing partial cDNAs encoding BMP 5, 6 and 7 were isolated from the 8.5-days-p.c. library. These data suggest that of the 60A family members, BMP 7 is expressed earliest, during gastrulation. Southern blot analysis revealed the presence in the mouse genome of at least one additional 60A family member detectable at low stringency with a BMP 7 probe. No new BMP 'I-related genes were isolated in multiple screenings of the 7.5-and 8.5-days-p.c. libraries, suggesting that this novel gene might first be expressed at later stages of development. A 17.5-daysp.c. mouse embryo cDNA library was therefore screened at low stringency with a BMP 7 probe to examine this possibility. Two of the hybridizing clones were characterized further. One clone contained a partial cDNA insert encoding BMP 7. The second clone contained a partial cDNA insert encoding a novel member of the 60A family. Sequence analysis revealed that this insert is identical to BMP 8 (OP-2) (ijzkaynak et al. To summarize, the library screening and in situ hybridization studies suggest that of the known vertebrate members of the 60A subfamily, BMP 7 is expressed earliest, in gastrulation stage embryos. Furthermore, the isolation of transcripts from 8.5-and 17.5-days-p.c. libraries indicates that BMP 7 may play multiple roles during mammalian embryogenesis. We therefore used in situ hybridization to examine the distribution of BMP 7 transcripts during mouse development.
BA4P 7 expression in gastrulating embryos
The localization of BMP 7 transcripts was examined in serial sections through early embryos beginning at 6.5 days p.c. Transcripts were first detected at this stage in the anterior primitive streak and node (data not shown). By 7.5 days p.c., the primitive streak has progressed to its maximum extent and has begun to regress, initiating the formation of the head process (notochord). Within the embryo at this stage, BMP 7 expression is restricted to the allantois and the axial mesoderm, which is the mesoderm that lies anterior to the node. No BMP 7 RNA can be detected in other mesodermal derivatives of the primitive streak. For example, the primitive streak mesoderm itself is negative, as is the lateral plate mesoderm underlying the anterior part of the headfold (Fig. 1A and B) . BMP 7 transcripts do not appear to be restricted to the mesodexm at this stage. A low level of expression can be detected in the visceral endoderm surrounding the extraembryonic portion of the conceptus ( Fig. 1A and B) . We compared the pattern of expression of BMP 7 with that of BMP 2 in 7.5-days-p.c. embryos. In contrast to BMP 7 expression, which occurs primarily in embryonic tissues, BMP 2 transcripts are present in a variety of extraembryonic structures, including the mesodermal components of the amnion and chorion. BMP 2 RNA is also expressed within the cuboidal cells of the visceral endoderm. At this stage of development, embryonic expression of BMP 2 is confined to the allan- tois and to the lateral plate mesoderm underlying the head folds ( Fig. IC and D) .
At 8.5 days p. c., in rostra1 regions of embryo the axial mesoderm has elongated and differentiated to form the notochord. BMP 7 RNA is present both in the mature notochord, in more caudal regions of the embryo, and in the axial mesoderm which will eventually form mature notochord (Fig. 2) . Transcripts are also present at high levels in the definitive endoderm along the length of the axis. Other sites of BMP 7 expression within the 8.5-days-p.c. embryo include the nonneural ectoderm, myocardial cells of the primitive heart tube and the somatopleure. Extraembryonic expression of BMP 7 persists in the visceral yolk sac (Fig. 2) . gm, gut mesenchyme; h, heart; hi, hindlimb; md, mesonephric duct; mr, metencephalon; my, myelencephalon; n, notochord; or, optic chiasma; 1, telencephalon; ta, truncus arteriosus.
BMP 7 expression during midgastrulation
2.3.1. BMP 7 expression in the developing nervous system. By 9.5 days p.c, BMP 7 transcripts can be detected at diverse sites within the embryo ( Fig. 3A and B). A major site of BMP 7 expression throughout midgestation stages is the developing brain. At 9.5 days p.c., BMP 7 transcripts are abundant throughout the dorsal part of the diencephalon, with graded expression near the boundary of the dorsal diencephalon and the dorsal mesencephalon. High levels of BMP 7 RNA are also present in portions of the ventral diencephalon in the region of the optic chiasma and in part of the ventral mesencephalon. BMP 7 RNA is also expressed at high levels along the length of the thin roof plate of the myelencephalon ( Fig. 3A and B) . During later stages of development, BMP 7 expression in the developing brain becomes progressively restricted. At 10.5 days pc., BMP 7 RNA persists in the ventral diencephalon, along the thin roof of the myelencephalon and in the optic vesicle. Transcripts are also abundant in the otic vesicle epithelium (data not shown). By 12.5 days p.c., expression of BMP 7 in the developing brain becomes restricted to the region of the choroid plexus and to the meninges (see, for example, Fig. 6A antisense riboprobe. Bar = 600 pm. bo, basioccipital bone; ep, choroid plexus; cv, cervical vertebra; h, heart; k, kidney; liv, liver; lu, lung; mc, Meckel's cartilage; np, nasal passage; p, pancreas; r, rib; t, tongue; tb, toothbud; Y, vertebra; vb, cartilaginous primordium of vertebral body. along the length of the axis through about 10.5 days p.c. In addition, beginning at about 9.0 days p.c., expression of BMP 7 RNA in the gut endoderm declines in a cranial to caudal fashion. BMP 7 RNA persists in the hindgut at 9.5 days p.c. but is absent in more cranial regions. However, at this time, BMP 7 RNA expression begins to shift to the mesenchyme associated with the developing midgut ( Fig. 3A and B) . By 10.5 days p.c., BMP 7 RNA persists in the notochord but expression in the gut mesenchyme begins to decline to levels barely above background (Fig. 3C and D) . A comparison of the patterns of BMP 2 and BMP 7 expression at 9.0 days p.c. reveals that BMP 2 and BMP 7 RNAs are coexpressed in the dorsal part of the gut endoderm. For example, in the 9.0 days p.c. embryo shown in Fig. 4A and B, BMP 7 transcripts can be detected in the notochord and throughout the definitive endoderm of the hindgut, as well as in the ventral furrow and in the mesenchyme associated with the gut. We also observed transcripts for BMP 2 in the notochord and definitive endoderm at 9.0 days pc. (Fig. 4C-F) . BMP 2 expression in the notochord appears to be restricted to a discrete portion of the embryo. For example, BMP 2 transcripts are discernible in the notochord in Fig. 4C and D but in sections from more rostra1 (data not shown) and caudal regions of the same embryo (Fig. 4 E and F) , no BMP 2 expression is seen in the notochord. Interestingly, BMP 2 expression in the definitive endoderm is localized to the dorsal part of the gut tube along the length of the axis.
2.3.3. BMP 7 expression in the developing limb bud. BMP 7 RNA can be detected in the limb bud beginning at day 9.5 pc. (Fig. 5A and B) . At this stage of development, the forelimb bud is a discrete outgrowth from the body wall but the apical ectodermal ridge (AER) is not yet visible. BMP 7 transcripts are present throughout the limb mesenchyme and the overlying ectoderm. By 10.5 days p.c. in the mouse, the AER becomes distinct. BMP 7 transcripts continue to be expressed in both the ectoderm, including the AER, and throughout the limb mesenchyme ( Fig. 3C and D; Fig. 5C and D) . As a control, we compared BMP 7 expression within the limb bud at this stage to that of BMP 2. As previously reported (Lyons et al., 1990) , BMP 2 RNA is localized to the AER. Within the limb mesenchyme, BMP 2 RNA can be detected in a discrete region along the posterior aspect of the developing limb in the region of the zone of polarizing activity (ZPA) (Fig. 5E and F) . This pattern of BMP 2 expression in the limb bud persists through 11.5 days p.c. By 12.5 days p.c., regions of condensed mesenchyme which will eventually give rise to the cartilage primordia of the digits, and regions of loose interdigital mesenchyme which will eventually undergo apoptosis are visible in the developing limb. BMP 7 transcripts are now restricted to the interdigital mesenthyme where they persist through at least 15.5 days p.c.
(data not shown). Beginning at about 14.5 days p.c., BMP 7 transcripts were expressed at very low levels within chodrocytes in developing limb bones (data not shown).
2.3.4. Expression of BMP 7 in developing cartilage and bone. No expression of BMP 7 is seen in the somite at the earliest stages of morphogenesis (see, for example, Fig. 2A and B) . At later stages, the sclerotomal cells along the developing vertebral column form segmental condensations. The less condensed cells will form the centre of the vertebrae, whereas the more densely packed cells will give rise to the intervertebral disks. In the 12.5 days pc. embryo shown in Fig. 6A and B, BMP 7 transcripts can be seen in the perichondria of the developing ribs. In more caudal regions of the embryo, where vertebral development is not as advanced, BMP 7 RNA is present in the precartilaginous condensations that are the primordia of the vertebral bodies (data not shown). High levels of BMP 7 transcripts are also present in the intervertebral bodies in rostra1 regions of the embryo. BMP 7 RNA was found in the perichondria surrounding the developing ribs and vertebrae. Transcripts can also be detected in the cartilaginous primordia of the vertebral bodies at more caudal levels ( Fig. 6C and D) .
BMP 7 RNA was found in other axial skeletal elements. For example, between 12.5 and 15.5 days p.c., BMP 7 RNA can be detected within the chondrocytes located in perichondrial regions of the developing scapulae and pelvic girdle. BMP expression during skeletogenesis is not restricted to the axial skeleton. Transcripts are also abundant in craniofacial regions, particularly in developing tooth buds, the precartilaginous mesenchyme of the developing mandible and in the mesenchyme associated with the nasal epithelium ( Fig. 6A-D) . Bone morphogenetic activity purified from bone extracts has been reported to consist primarily of BMP 2 and BMP 7 . A comparison of BMP 2 and BMP 7 RNA expression in midgestation embryos confirms that these mRNAs are coexpressed in perichondrial regions along the axial skeleton. Coexpression was also observed in the developing vertebrae in precartilaginous condensations (Fig. 6C-F) .
2.3.5. BMP 7 expression in developing visceral organs As with other members of the TGF/3 superfamily, BMP 7 RNA is expressed in a diverse set of developing organ systems in both epithelial and mesenchymal tissues. One of the strongest sites of expression is in the myocardial layer of the developing heart. Expression in the myocardium can be detected beginning at 8.5 days p.c. (Fig. 2) and persists through at least 15.5 days p.c. (Fig. 3A and  B ; Fig. 6A-D; data not shown).
BMP 7 RNA was also detected at several stages in the developing urogenital system. At 10.5 days p.c., transcripts were expressed at high levels in the mesonephric duct and tubules ( Fig. 3C and D) . By 12.5 days p.c., BMP 7 RNA is present within the metanephric kidney in the developing comma-shaped and S-shaped bodies ( Fig. 6A and B) . Expression in the developing renal tubules persists through at least 14.5 days p.c. and is restricted to the active nephrogenic zone (Fig. 6C and  D) .
As previously discussed, BMP 7 RNA is present in definitive endoderm by 8.5 days p.c. and, at later stages, can be detected in the mesenchyme associated with the gut (Figs. 2, 3A and B) . The temporally and spatially regulated expression of BMP 7 transcripts in both epithelial and mesenchymal components in the gut tube is consistent with a role in mediating epithelial-mesenchymal interactions. At later stages of development, we detected BMP 7 RNA in several endodermally derived organs. In some cases, transcripts are localized to the epithelial component of the developing organ. For example, BMP 7 RNA was observed in the lung epitheliurn at 12.5 days p.c. and at lower levels through day 14.5 pc. (Fig. 6A-D ). Transcripts were also detected beginning at 12.5 days p.c. in the epithelial buds of the pancreatic primordium (Fig. 6A and B) . Expression in the developing pancreas persists through at least 14.5 days p.c. BMP 7 RNA also persists in the muscularis mucosae of the intestine (Fig. 6C and D) .
An additional strong site of BMP 7 RNA expression is the developing epidermis and whisker follicle. Transcripts are present in the surface ectoderm by 8.5 days p.c. (Fig. 2) and persist in the periderm at 9.0 days p.c. (Fig. 3A and B) . By 12.5 days p.c., BMP 7 transcripts are abundant in the basal layers of the developing epidermis and in the surface epithelium of the tongue (Fig. 6A and B) . Expression persists in the basal layer of the epidermis and in the epithelial sheath of the developing whisker follicle through at least 14.5 days p.c. (Fig.  6C and D; data not shown).
Discussion
In recent years, much attention has been focused on the roles of members of the BMP subgroup of TGFPrelated genes in vertebrate development. A central feature that has emerged from these studies is that the BMP group can be divided into at least two classes . One of these classes includes, in addition to the Drosophila dpp gene, BMP 2 and BMP 4, the mammalian cognates of DPP. There is now considerable evidence that these two genes are likely to play essential roles in several aspects of vertebrate development (Lyons et al., 1989a , Lyons et al., 1990 Jones et al., 1991; Jones et al., 1992; Dale et al., 1992; Vainio et al., 1993; Francis et al., 1994) . Relatively little is known about the potential roles in vertebrate development of the members of the second, 60A, subclass of BMP genes. The work reported here and elsewhere (ozkaynak et al., 1990; Celeste et al., 1990; Celeste et al., 1992; t)zkaynak et al., 1992) demonstrates that there are at least four vertebrate members of this subclass: BMPs 5-8. A role for BMP 5 in development is demonstrated by the phenotype of mice homozygous for the short ear (se) mutation. BMP 5 is encoded by the se locus (Kingsley et al., 1992) and homozygous se mice display a spectrum of mild skeletal defects, as well as visceral abnormalities (Green, 1968) . The probability that BMP 6 (vgr-1) plays an important role in skeletal development and may mediate a variety of other developmental events is suggested by in situ hybridization studies (Lyons et al., 1989a; Jones et al., 1991) . In this paper, we have shown that a third member of the 60A subclass, BMP 7, is expressed in the mouse at earlier stages of development than the other known members.
I. BMP 7 is expressed during gastruiation
BMP 7 is the only known member of the 60A subclass to be expressed in gastrulating embryos (Lyons et al., 1989a; unpublished data) . BMP 7 transcripts are expressed in the axial mesoderm and definitive endoderm. The early onset of BMP 7 RNA expression in these tissues is consistent with a role in their differentiation. However, the observation that transcripts are absent from the notochord and gut endoderm by 10.5 days pc. argues against a role in their long-term maintenance.
BMP 2 and BMP 7 are co-expressed in tissues with inductive capabilities
Numerous studies have shown that the axial mesoderma1 cells of the notochord produce signals required for a variety of inductive interactions during vertebrate development. For example, a role for the no&chord in inducing the floor plate and in the regulation of ventral spinal cord development has been established by experiments involving experimental manipulations in the chick and analysis of mutations in the mouse and zebratish (reviewed in Echelard et al., 1993, and Roelink et al., 1994) . Notochordal signaling has also been implicated in control of cartilage differentiation from sclerotomal cells (Hall, 1977; Aoyoma and Asamoto, 1988; Pourquie et al., 1993) . Our observation that transcripts for BMP 7 are present in axial mesoderm and subsequently in the mature notochord until 10.5 days pc. is consistent with the possibility that BMP 7 mediates some aspects of these inductive interactions. However, evidence for this suggestion must await the results of functional experiments.
It is intriguing that BMP 2 and BMP 7 are coexpressed in several tissues that are sources of inductive signals. For example, in addition to their co-localization at 9.0 days p.c. in the notochord, BMP 2 and BMP 7 RNAs are co-localized in the AER. In the chick, removal of the AER results in limb truncations, sug-gesting the AER the underlying chymal cells the progress in a and undifferentiated (Saunders, 1948; et al., Summerbell, 1974;  and Solursh, More recently, has been that the is also to maintain ZPA . recent experiments focused on ability of of the family to for the Fallon al., 1994 the Drosophila hedgehog gene product is required for the expression of dpp, the cognate of BMP 2, in the morphogenetic furrow of the developing retina (Heberlein et al., 1993) . The localization of BMP 2 to the dorsal endoderm is particularly interesting given that Shh is expressed ventrally and laterally in the gut endoderm (Echelard et al., 1993; K.M.L., unpublished observation) . Essentially nothing is known at present about the specification of dorsal-ventral polarity in the endoderm. These markers provide the first molecular evidence that the dorsal-ventral axis is established in the gut endoderm by 9.0 days p.c. in the mouse. An elucidation of the roles that the vertebrate Sonic hedgehog and BMP 2 gene products play in the establishment and maintenance of dorsal-ventral polarity will require functional analysis.
The potential role of BMP 7 in skeletal development
Our results suggest that BMP 7 is involved in a variety of inductive interactions during development. One established activity for BMP 7 is its ability to induce ectopic bone formation (Cjzkaynak et al., 1991) . The pattern of BMP 7 expression in midgestation embryos is consistent with a role during skeletal development in vivo. For example, BMP 7 RNA is detected in some regions of the brain known to induce the formation of specific cranial skeletal elements (Schowing, 1968) . This observation raises the possibility that in addition to a potential role in the development of the nervous system, BMP 7 expression in the brain may contribute to the osteoinductive capacity of the developing brain. Expression is also seen in the condensing mesenchyme of developing craniofacial bones and in perichondrial regions of developing axial structures. Although we observed BMP 7 RNA in perichondrial regions of developing skeletal elements in the limb, transcripts were present at lower levels than in axial skeletal elements. However, we did detect high levels of BMP 7 transcripts throughout the limb bud mesenchyme at early stages and in interdigital mesenchyme at later stages. This result is in marked contrast to previous reports of BMP 6 and BMP 2 RNA expression in the developing skeletal system (Lyons et al. 1989a; . In these studies, BMP 6 transcripts were abundant during midgestation stages in hypertrophic cartilage of both axial and limb bones, while BMP 2 RNA was found in perichondrial regions and the osteogenic matrix of both types of skeletal element. It has recently been suggested that different members of the BMP family act to promote the development of different skeletal elements (Tickle, 1994) . Our observation that BMP 7 RNA is expressed in discrete regions of the developing brain known to induce distinct cranial bones and in different cell populations in the axial skeleton and developing limbs supports this proposal and extends it to include the possibility that a single BMP molecule may have different functions in the development of cranial, axial and limb skeletal systems.
The colocalization of BMP 2 and BMP 7 RNAs we observe in perichondrial regions along the axial skeleton is consistent with reports that bone morphogenetic activity purified from bone extracts contains both BMP 2 and BMP 7 (Celeste et al., 1990; Sampath et al., 1990; Rosen and Thies, 1992) , raising the possibility that heterodimer formation can occur in vivo. Moreover, as previously discussed, BMP 2/7 heterodimers are considerably more effective than BMP 2/2 or BMP 7/7 homodimers in the ectopic bone formation assay (D. Israel, personal communication; Wozney et al., 1992) . A model, based on observation of temporally and spatially distinct patterns of RNA expression for different BMPs (Lyons et al., 1989a) , has been proposed whereby different BMPs are required at different stages in endochondral bone formation. We can now extend this model to propose a distinct role for heterodimers in skeletal development.
Material and methods
PCR cloning of BMP family member genomic fragments
Degenerate oligonucleotides, LVGl and LVG2, corresponding to a portion of the conserved regions of the BMP class of TGF&related genes were a gift from Dr. Gerry Thomsen, SUNY, Stony Brook. LVGl and LVG2 contained BamHI and XbaI sites, respectively, on their 5' ends to facilitate cloning. The nucleotide sequence of LVGl is 5'-CGGATCCTGG(CAG)ANGA(TC)TG-GAT(ATC)(GA)TNGC-3 '; the sequence of LVG2 is 5 ' -TTCTAGA(AG)NGT(TC)TGNAC(AGT)ATNG-C(AG)TG-3 ' , where N = all four nucleotides. These sequences amplify a 123-bp region contained within the conserved portions of members of the BMP class of TGF&related molecules. The reaction mixture contained 1 rg of mouse genomic DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 5 mM MgCl*, 250 PM each of dATP, dCTP, dGTP and dTTP, 50 pM of each primer and 1 unit of Taq DNA Polymerase (Perkin-Elmer Cetus) in a total volume of 50 ~1. The reaction conditions were as follows: initial denaturation at 94°C for 4 min followed by 35 cycles of 94°C for 1 min, 37°C for 1.5 min, 72°C for 3 min. The 123-bp PCR product was subcloned into pGEM7zf (Promega). PCR products corresponding to BMPs 2,4,5,6 and 7 were isolated. Three novel amplification products corresponding to BMPs that are not members of the DPP or 60A subclasses were also identified but will not be discussed further in this paper.
Southern blot analysis
High molecular weight genomic DNA prepared from CCE mouse embryonic stem cells was digested, fractionated on 0.8% agarose gels and transferred to Hybond-N+ membranes (Amersham) as described (Ausubel et al., 1988) . Membranes were hybridized to [cr-32P]UTP-labeled single-stranded RNA probes derived from the 123-bp PCR inserts encoding BMP 5-7. Low stringency hybridization was performed at 50°C in 10% dextran sulfate, 1 x Denhardt's, 4 x SSC, 100 &ml salmon sperm DNA and 1% SDS. Filters were washed at 50°C in 2 x SSC, 1% SDS and exposed to Kodak XAR-5 film with an intensifying screen at -70°C. High stringency hybridizations and washes were performed at 65°C essentially as described above except that after the 2 x SSC, 1% SDS wash, the blots were washed in 0.1 x SSC, 1% SDS.
Isolation of murine BA4P 7 cDNA clones
To identify members of the 60A subclass of TGF& related molecules expressed during early development, a 8.5-day-p.c. mouse embryo cDNA library in XgtlO (Fahmer et al., 1987) was screened with a mixture of 32P-labeled inserts from PCR clones for BMPs 5-7. 1 x 106plaques were transferred to nylon membranes (Colony/Plaque Screen, NEN). Hybridization and wash conditions were as described for the Southern blot analysis. The hybridizing inserts were subcloned into pBluescript KS(-) (Stratagene) or pGEM7zf and sequenced using the Sequenase version 2.0 DNA sequencing kit (U.S. Biochemicals). 3 x lo5 plaques from a 7.5-day-pc. mouse embryo cDNA library (a gift of Dr. John Gearhart, Johns Hopkins University) were screened as described above. Two hybridizing clones were isolated from the 7.5-days-p.c. library and both were found to encode the murine homolog of the BMP 7 gene (ozkaynak et al., 1990; Celeste et al., 1990; ijzkaynak et al., 1991) . Clones containing partial cDNAs encoding BMPs 5-7 were isolated from the 8.5-days-p.c. library (Lyons et al., 1989b; Kingsley et al., 1992) . In order to isolate additional cDNAs encoding BMP 7 and related genes, 3 x 10' plaques from a 17.5-days-p.c. mouse embryo cDNA library (Clontech) were screened as described above with the 123-bp PCR insert encoding BMP 7. Two clones were characterized further; the insert from one clone contained a partial BMP 7 cDNA and the other contained a partial cDNA encoding the murine homolog of the BMP 8 (OP-2) gene (ozkaynak et al., 1992; Celeste et al., 1992) .
In situ hybridization
Embryos were obtained from CD-l outbred females mated with CD-l males (Charles River Laboratories).
In situ hybridization and washes were done essentially as described in Lyons et al. (1990) except that probes were used at a final concentration of 5 x lo4 disints min -W and were not subjected to limited alkaline hydrolysis. The BMP 7 riboprobe construct consists of a 640-bp EcoRI fragment containing 210 bp of 5' untranslated sequence and 430 bp encoding the first 143 amino acids of BMP 7. The BMP 2 riboprobe construct was used as described previously (Lyons et al., 1989a; Lyons et al., 1990) .
